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A B S T R A C T

Background: Spinal cord injury (SCI) is a serious and difficult to treat traumatic disease of the
central nervous system. Spinal cord injury causes a variety of detrimental effects, including
neuroinflammation and ferroptosis, leading to chronic functional impairment and death. Recent
studies have shown that microglia/macrophages (M/Ms) at the injury site remain primarily in the
pro-inflammatory state, which is detrimental to recovery. However, information on the factors
behind pro-inflammatory polarization skew in the injured spinal cord remains unclear. In this
study, we found that Tumor Necrosis Factor-α(TNF-α) ablation protected after SCI by suppressing
neuroinflammation and ferroptosis. Though using TNF-α knock out mice (TNF− /− ), we induced
downregulation of TNF-α in M/Ms and further investigated its effect on SCI outcome. In TNF− /−
mice, significant behavioral improvements were observed as early as 7 days after injury. We
showed that TNF-α inhibition promote injury-mediated M/Ms polarization from pro-
inflammatory to anti-inflammatory phenotype in vivo. Furthermore, accumulated iron in M/Ms
after SCI increased the expression of TNF-α and the population of M/Ms to pro-inflammatory
phenotype. Moreover, zinc supplement reduced the secondary damage caused by iron over-
load. In conclusion, we found that knock out of TNF-α promotes recovery of motor function after
spinal cord injury in mice by inhibiting ferroptosis and promoting the shift of macrophages to an
anti-inflammatory phenotype, indicating that there is great potential for this therapy to SCI.

1. Introduction

In the central nervous system (CNS), microglia serve as the dominant immune cells, responding promptly to injury within minutes
[1–3]. In spite of the protective nature of their early response, these cells soon became pro-inflammatory and started a series of re-
actions that led to the entry of peripheral immune cells, predominantly the monocyte-macrophage lineage [4,5]. When microglia
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activation begins, their cytoplasmic processes contract, and the morphology and macrophages markers entering through the pe-
ripheral circulation to the damaged CNS are unable to be distinguished [6,7]. Injuries to the CNS can trigger macrophage responses
resulting in auxiliary damage and functional impairment. However, macrophages may also play a protecting and
regeneration-promoting role in the damaged central nervous system [8,9]. These double characters of macrophages are now deemed to
be a result of their polarized state. The heterogeneous phenotype of macrophages ranges from “classically activated”
pro-inflammatory, cytotoxic pro-inflammatory cells to “alternatively activated” anti-inflammatory, pro-reparative anti-inflammatory
cells. Pro-inflammatory polarization is induced by Interferon-γ (IFN-γ), the prototypical T helper 1 (Th1) cytokine and the Toll-like
receptor-4 (TLR-4), ligand lipopolysaccharide (LPS), while anti-inflammatory polarization is induced by the Th2 cytokine,
Interleukin-4(IL-4), and other factors. It has been shown in previous studies that despite the presence of both pro-inflammatory and
anti-inflammatory macrophages at the injury site, environment of the spinal cord facilitates the polarization of pro-inflammatory
cytotoxic macrophages [10,11]. It has also been demonstrated that anti-inflammatory macrophages enter the injured site through a
central pathway and exert neuroprotective properties after SCI [12–14]. It is essential to understand the reasons for the spinal cord
environment’s tendency to favor pro-inflammatory polarization in order to develop methods that could reduce pro-inflammatory
polarization and promote protective anti-inflammatory polarization in order to promote rehabilitation following injury. The results
of previous studies indicate that injury induces a shift from anti-inflammatory to pro-inflammatory cytokine expression [15,16]. How
this damage affects macrophage and microglia polarization is unclear.

Ferroptosis is an iron-dependent programmed cell death caused by unrestricted phospholipid peroxidation, a process that occurs
largely dependent on increased accumulation of the metabolite reactive oxygen species, phospholipids containing polyunsaturated
fatty acid chains, and iron [17,18]. The concept of ferroptosis was first proposed by Prof. Brent Stockwell of Columbia University, and
with increasing research on ferroptosis, it has been found that ferroptosis can lead to neuronal cell death, central nervous system
damage, and neurological deficits in neurodegenerative diseases. During ferroptosis, glutathione (GSH) peroxidase 4 and glutathione
levels decrease and reactive oxygen species 4-Hydroxynonenal (HNE) levels increase [19,20]. Previous studies have shown that
microglia can exacerbate ferroptosis by promoting the expression of reactive oxygen species [21,22]. However, there is still a lack of
valid evidence as to whether there is a relationship between inflammation and ferroptosis.

It was demonstrated in this paper that, even after time, M/Ms in the injured site still retain primarily pro-inflammatory polarization
after SCI. We also showed that iron accumulation at high levels in M/Ms induced TNF-α expression and a switch from the anti-
inflammatory phenotype to the pro-inflammatory phenotype. Studies have shown that zinc ions can reduce inflammation after spi-
nal cord injury [23–25]. We observed the effect of zinc ion on ferroptosis after spinal cord injury in mice. We demonstrated that, by
supplying zinc, pharmacological decrease of apoptosis and inflammation appears to mitigate secondary injury andmaximize the extent
of mitochondrial integrity for better function result. Therefore, our data supported that TNF-targeted therapy promotes neuro-
protection in SCI.

2. Materials and methods

2.1. Animals and SCI model

Adult C57 BL/6J wild type (WT) mice, male and female, weighing 20–28 g, 8–10 weeks old, were purchased from Charles River
(Zhejiang). The TNF-α KO mice were purchased from Jackson Lab, Strain number:005540. All the animal experiments in this work
were performed in accordance with the Ethical Committee of Care and Use of Laboratory Animals at Jinzhou Medical University
(Laboratory Animal Use License Number: SYXK 2019–0007). The control mice in this experiment wereWT sham-operatedmice (Sham-
WT) and TNF-α knockout sham-operated mice (Sham-TNF− /− ). A mouse spinal cord T10 segment contusion injury model was per-
formed according to Allen’s method, following a previously published procedure [23,24,26]. The mice were anesthetized using iso-
flurane under an anesthesia machine (induction concentration 3 %, maintenance concentration 1 %, flow rate 0.6–1L/min). Dorsal
hair was removed, the area was disinfected with iodophor, and a 1.5 cm incision was made at the T10 segment of the spinal cord to
locate the T10 vertebral body on the 10th rib. A T10 laminectomy was then performed to expose the spinal cord. Next, a homemade
impactor (10 g) was used to strike the exposed spinal cord surface from a height of 1 cm in free fall. Mice in the sham-operated group
were only stripped of their vertebral plates and not struck. Immediately after the contusion injury, edema and ecchymosis appeared,
resulting in a reduction of the motor behavior score to 0 on the Bassomouse scale after awakening from anesthesia. Themice lost motor
function in the hind limbs, developed urinary retention, and exhibited dragging of the hind limbs on the ground with an inability to lift
the tail. The mice were sutured with cotton swabs to remove the exuded blood, and the fascia, muscle, and skin were sutured layer by
layer. The mice were then disinfected again with iodophor. One hour after surgery, the control group mice were given intraperitoneal
saline (0.1 mL), the iron treatment group mice were given intraperitoneal injections of Iron–Dextran (Aladdin, cat:I121237-250 g, 500
mg/kg body weight) for 7 days, the iron + zinc treatment group mice were given intraperitoneal injections with Iron–Dextran (500
mg/kg body weight)+ ZnSO4 (Aladdin, cat: Z111853-500 g, 30 mg/kg body weight) for 7 days as previously published [25,27]. After
surgery, each mouse was placed in a holding cage (on an insulating mat in winter until awakening) with feed placed on the matting for
easy access. Following modeling, the bladders of the mice were manually emptied twice daily until they were euthanized.

2.2. Flow cytometry

Mice were anesthetized for execution using isoflurane. After a quick cold (4 ◦C) PBS perfusion, spinal cords of the mice were rapidly
dissected out before, 3 days after or 7 days after the contusion. The central 5 mm of the lower thoracic lesion including the lesion core
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and 2.5 mm rostral and caudal were then rapidly removed. The fluorescence activated cell sorting (FACS) staining was performed in
accordance with standard procedures. Bovine serum albumin (5 % BSA) was used to block specific antibody binding. Tissues were
dissociated using Neural Tissue Dissociation Kit and stained with CD45-FITC (BD Pharmingen, cat:553,080) and CD11b-APC-Cy7(BD
Pharmingen, cat:557,657) for 10 min at 4 ◦C. Microglia were then FACS purified using the markers CD45 and CD11b. Analysis of cells
was carried out using a FACS CantoII flow cytometer and FACS Diva software. The results were analyzed using FlowJo software.

2.3. Quantitative real-time PCR (RT-qPCR)

For quantitative real-time PCR (RT-qPCR) experiments, spinal cord tissue was obtained 7 days following injury. The total RNA was
extracted using TRIzol reagent, and cDNA was synthesized from 5 μg total RNA. RT-qPCR was conducted using SYBR Green. Following
are the conditions under which cDNA samples were amplified using a 7500 Rapid RT-PCR System (Applied Biosystems): 3 min at 95 ◦C
followed by 40 cycles of 15 s at 95 ◦C and 45 s at 60 ◦C. In comparison of the target genes in experimental group, those in control group
were applied with the method of (1 + e)− ΔΔCT, and the corresponding expression levels of those target genes were normalized to
ribosomal protein S18 (RPS18), the relative expression of the housekeeping gene. In order to normalize the level of mRNA in the
samples, the amount of RPS18 in the samples was used (comparison of RNA levels with corresponding controls). Primer information is
shown in Table S1.

2.4. Histological analysis

The spinal cord tissues of mice were removed and fixed in 4 % buffered formaldehyde for histological analysis. Immunohisto-
chemical staining was performed using paraffin-embedded spinal cord sections and analyzed with ImageJ. We determined the effect of
knockdown of TNF-α on neuronal survival by Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL Test kits,
Beyotime, cat:C1098) assay and Neuronal nuclei (Neun) immunofluorescence staining. a higher number of TUNEL positives indicates a
higher number of apoptotic necrotic neurons, whereas a higher number of Neun positives indicates a higher number of surviving
neurons. Dihydroethidium (DHE Test kits, Beyotime, cat: S0063) is the most commonly used fluorescent probe to detect intracellular
superoxide anion levels, and we use it to detect reactive oxygen species (ROS) according to the manufacturer’s instructions [28,29].
We calculated results using the number of surviving neurons per 0.05 mm2. For immunofluorescence staining, sections were blocked
with 5 % goat serum for 1 h at room temperature and then incubated with primary antibodies overnight at 4 ◦C. The following day,
Alexa Fluor-488 and Alexa Fluor-568 were used to stain the tissues for 2 h at room temperature. Staining of the nuclei was performed
using DAPI solution. 2 mm range of images were obtained above and below the site of the spinal cord injury. Cell counts were per-
formed using unbiased stereology. A positive cell rate per 0.05mm2was used to calculate the results. Finally, the results were observed
using a fluorescence microscope (Olympus VS200, Nikon C2 Confocal microscope). In order to calculate the absolute cell number
counts and densities, the optical fractionator component of ImageJ software was utilized.

2.5. Enzyme linked immunosorbent assay (ELISA)

Mice were anesthetized for execution using isoflurane. After a quick cold (4 ◦C) PBS perfusion, spinal cords of the mice were rapidly
dissected out before and after the contusion. The central 5 mm of the lower thoracic lesion including the lesion core and 2.5 mm rostral
and caudal were then rapidly removed. Then extract the proteins. According to the manufacturer’s instructions, protein extracts were
prepared and TNF-αwas measured using an ELISA kit (Proteintech, KE10002). These tissues were used to extract proteins and measure
GSH (Elabscience, E-EL-0026) and HNE (Elabscience, E-EL-0128) in accordance with the manufacturer’s instructions.

2.6. Behavioral test

2.6.1. Gait and motion analysis
The mice were video-recorded during walking through the left to right side on a runway bar (160 cm long, 10 cm wide, and 8 cm

thick) at 1 day prior to and 1, 3, 4, 7, 14, 21 and 28 days post-SCI by CatWalk system for gait analysis [30,31]. The movement in-
formation of mice was collected separately, such as regularity index, max contact mean intensity, cadence and rump-height Index
(RHI). The RHI is defined as the height of the rump. To minimize the variations of pre-surgery RHI of each animal, the standardized
RHI (dividing post-injury value by pre-injury value) was applied for comparisons.

2.6.2. BMS score
Mice were assessed on the day before modeling of spinal cord injury, and on days 1, 3, 7, 14, 21, and 28 after modeling by two

persons skilled in Basso Mouse Scale (BMS) scoring [32]. A score of 0 indicated no ankle and pawmovement, and a score of 9 indicated
normal motor function.

2.7. Statistical analysis

SPSS 23.0 was used for general data visualization and statistical analyses. Unpaired Student’s t-test was used for simple com-
parisons, while one-way ANOVA or Two-way ANOVA with Bonferroni post-hoc test was utilized for multiple comparisons. BMS was
analyzed using two-way repeated-measures ANOVAwith Bonferroni post-hoc tests. Error bars in all figures represent mean± SD (*P<
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0.05, **P < 0.01, ***P < 0.001). A P-value <0.05 was considered statistically significant. Detailed information on the statistical
methods for each experiment was described in the figure legends. All samples or animals were included in the statistical analysis. The
number of mice in each group was n = 6.

3. Results

3.1. TNF-α ablation exacerbated functional recovery after SCI

After SCI (Fig. 1A), WT mice had a lower regularity index compared to TNF− /− mice (SCI-WT vs SCI-TNF− /− , p < 0.001)
(Fig. 1B). At 28 dpi, between SCI-WT and SCI-TNF− /− mice, a significant improvement was noted (Fig. 1C), although we compared
the cadence of the two groups and found that SCI-WT and SCI-TNF− /− mice revealed no difference (Fig. 1D). Next, we used behavioral
tests to investigate whether TNF-α aggravates recovery after SCI. We found that SCI mice, especially TNF− /− mice, a significant
improvement in rehabilitation of functional abilities was observed by the BMS score. This analysis showed that at 28 days after injury,
the BMS score of SCI-WT mice was about 3 points, and the BMS score of SCI-TNF− /− mice increased to 6 points (Fig. 1E). The RHI
analysis of SCI-TNF− /− mice was significantly improved from 7 dpi to 28 dpi compared with SCI-WTmice (Fig. 1F). Thus, SCI mice are
prone to motor dysfunction and neuronal loss, and TNF-α deletion ameliorated these effects.

Fig. 1. Different function recovery are assessed after spinal cord injury in mice. (A) Footprints of mice containing four paws (RF: right forelimb, RH:
right hindlimb, LF: left forelimb, LH: left hindlimb). The maximum contact area of each paw with the glass plate, the average width of support
between hind paws, and the normal step ratio can be detected by illumination. (B) Representative quantification of the regularity index of Sham-WT,
Sham-TNF− /− , SCI-WT, and SCI-TNF− /− mice. (C) Representative quantification of max contact mean intensity of SCI-WT and SCI-TNF− /− mice.
(D) Representative quantification of cadence of SCI-WT and SCI-TNF− /− mice. (E) Representative quantification of BMS scores of Sham-WT, Sham-
TNF− /− , SCI-WT, and SCI-TNF− /− mice. (F) Representative quantification of RHI assays of Sham-WT, Sham-TNF− /− , SCI-WT, and SCI-TNF− /−
mice. (B–F) Two-way repeated-measures ANOVA with Bonferroni post-hoc tests. *, P < 0.05; **, P < 0.01; ***, P < 0.001. (n = 6). Error bars in all
figures represent mean ± SD.
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3.2. Microglia and macrophages at the injury site exhibited time-dependent distinct phenotypes after SCI

It has been shown in previous studies that pro-inflammatory M/Ms are predominantly polarized in the mice with SCI. Our study
developed this project further to the cellular mRNA level by using FACS analysis (Fig. 2A) to measure expression of microglia and
macrophage pro-inflammatory and anti-inflammatory markers on days 1, 3 and 7 after SCI. A series of time points were selected to
study early microglial responses before macrophage influx (1 day), early peripheral macrophage infiltration (3 days), and early
microglial responses after macrophage influx. Results showed that macrophages (CD11b+, CD45high) and microglia (CD11b+,
CD45low) expressed pro-inflammatory markers such as inducible nitric oxide synthase (iNOS), TNF-α, and CD86 in a much higher
proportion than anti-inflammatory markers such as Arginase-1(Arg-1), CD206, and Transforming growth factor β(TGF-β). From 1 to 7
days after SCI, macrophages from the peripheral circulation increased significantly in the expression of pro-inflammatory markers
(iNOS), and the maximum value reached was approximately 4 % (Fig. 2B). A dramatic increase of CD86, an additional pro-
inflammatory marker, was observed in macrophages 3 days post injury, with a peak increase of about 20 % by the 7th day
(Fig. 2C). A consistent growth of the pro-inflammatorymarker TNF-αwas observed in macrophages after SCI, while by the seventh day,
the increase had reached a maximum of approximately 10 % (Fig. 1D). In contrast, pro-inflammatory markers in microglia, iNOS

Fig. 2. Pro-inflammatory markers predominantly expressed after SCI. (A) Representative images of CD11b+, CD45+ macrophages/microglia. Blue
Gate displayed CD45high (macrophages) and green gate display CD45low cells (microglia). (B)Quantification of expressions of iNOS mRNA in
macrophages and microglia. (C)Quantification of expressions of CD86 mRNA in macrophages and microglia. (D)Quantification of expressions of
TNF-α mRNA in macrophages and microglia. (E)Quantification of expressions of Arg-1 mRNA in macrophages and microglia. (F)Quantification of
expressions of CD206 mRNA in macrophages and microglia. (G)Quantification of expressions of TGF-β mRNA in macrophages and microglia. (B–G)
Two-way repeated-measures ANOVA with Bonferroni post-hoc tests. *, significant difference compared to day 0 (*, P < 0.05; **, P < 0.01; ***, P <

0.001); #, compared to day 1 (#, P < 0.05; ##, P < 0.01; ###, P < 0.001); +, significant difference between macrophages and microglia (+, P <

0.05). (n = 6). Error bars in all figures represent mean ± SD.
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expression level was about 7 %, TNF-α expression level was about 18 %, and CD86 expression level was about 17 %, respectively
(Fig. 2B–D). Based on these findings, it is concluded that microglia display a higher degree of stability in the expression of pro-
inflammatory markers than macrophages in the acute phase of SCI. A further finding was that the anti-inflammatory markers were
expressed exclusively within the microglia and macrophages of the injured site. Arg-1 expression was approximately 4 % in microglia
on day 1, progressively increasing to 8% on day 7 (Fig. 2E), and below 2% inmacrophages. In macrophages and microglia, CD206 was
expressed at a level of approximately 2 % (Fig. 2F). TGF-β was consistently expressed by about 8 % in macrophages and microglia at
day 7 (Fig. 2G). The research showed that pro-inflammatory polarization was detrimental to damaged lesions after SCI.

3.3. Continuous TNF-α ablation promotes the survival of neurons and myelin sheath

We have shown that pro-inflammatory polarization in injured SCI is a distinguishing feature of the acute SCI phase. Therefore, we
intended to investigate if sustained ablation of TNF-α could prevent the cytopathic response to traumatic SCI. Compared with sham
mice (132.37 ± 20.14 NeuN + cells), we measured a significant decrease in NeuN-positive cells (58.02 ± 12.36 NeuN + cells) in WT
mice after SCI, while there was no difference between sham-TNF− /− mice (151.36 ± 26.20 NeuN+) and SCI-TNF− /− mice (116.15 ±

21.36 NeuN + cells) (Fig. 3A and B). Our measurements of GFAP levels in WT and TNF− /− mice were conducted since this protein is
known to be one of the major proteins required by astrocytes [33]. The results of our study indicated that SCI significantly increased
the expression of GFAP in SCI-WTmice (approximately 1.97fold of sham-WTmice), and this effect was improved in SCI-TNF− /− mice
(approximately 1.78fold of sham-TNF− /− mice), which also showed that the amount of GFAP was decreased, but significantly higher
than that in WT mice (Fig. 3A and C). Further investigation of the association between demyelination inhibition and increased
oligodendrocyte survival in TNF− /− mice was carried out by performing immunohistochemical assays with anti-myelin basic protein
(MBP) antibody. Quantification of MBP immunoreactivity indicated that SCI led to a significant loss of MBP-positive cells in the injured
spinal cord (Fig. 3A and D). In comparison with SCI-WT mice, the number of MBP-positive cells (563.17 ± 142.39 MBP cells) was
significantly higher in SCI-TNF− /− mice (Fig. 3A and D). These results showed that sustained TNF-α ablation protected nerve cells in
the injured spinal cord.

3.4. TNF-α ablation decreases neuroinflammation and ferroptosis

Numerous researches have demonstrated that TNF-α can play a role in many pathological processes by regulating ferroptosis
[33–35]. However, the role of TNF-α on ferroptosis in M/Ms after SCI is unclear. A significant increase was observed for CD11b+ cells

Fig. 3. Sustained TNF-α ablation protects injured spinal cord. (A) Representative images of NeuN+, GFAP+ and MBP + cells on 7th day post-SCI.
Scale bar = 200 μm. (B)Quantification of expression of NeuN on 7th day post-SCI. (C) Quantification of expression of GFAP on 7th day post-SCI. (D)
Quantification of expression of MBP on 7th day post-SCI. (B–D) One-way ANOVA with Bonferroni post-hoc tests. *, P < 0.05; **, P < 0.01; ***, P <

0.001; ns = no significance. (n = 6). Error bars in all figures represent mean ± SD.
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in WT mice after SCI (278.39 ± 34.06 CD11b + cell), compared with sham mice (92.36 ± 14.55 CD11b + cell), and a significant
decrease for CD11b + cells in TNF− /− mice after SCI (168.07 ± 23.07 CD11b + cell) as compared with SCI-WT mice (Fig. 4A and B).
Due to the fact that Arg-1 protein is recognized as being one of the major proteins involved in the anti-inflammatory phenotype, we
determined the percentage of CD11b + cells positive for Arg-1. Our results showed that SCI increased the expression of Arg-1 in WT
mice, and this effect was considerably improved in TNF− /− mice (Fig. 4A and C). To further investigate whether ablation of TNF is
associated with downregulation of ferroptosis in SCI mice, we tested the expressions of GSH and HNE by performing ELISA analysis.
We found significant changes in GSH and HNE expression in SCI-TNF− /− mice in comparison to SCI-WT mice (Fig. 4D and E). The
results showed that continuous TNF-α ablation had anti-inflammatory and anti-ferroptosis effects on injured spinal cord.

3.5. Increased intracellular iron influences TNF-α expression and macrophage polarization

Hemorrhages and extravasation of red blood cells (RBCs) occur as a result of spinal cord contusions [36], which are quickly
engulfed by macrophages. It is also possible for dead cells to release iron, which is then absorbed by macrophages. Iron-binding and
storage protein ferritin, whose expression increases in the presence of elevated intracellular iron, is an excellent surrogate marker for
intracellular iron. We examined TNF-α expression in ferritin+, CD11b +M/Ms at 7 days after SCI. What’s interesting is the number of
TNF+/ferritin+M/Ms was 2–3 fold higher than that of ferritin-/CD11b+ cells (Fig. 5A and B), and the majority of ferritin+ CD11b+
cells expressed TNF-α. In the knockout of TNF-α (TNF− /− mice), Arg-1 was increased by 20 % in iron-containing CD11b +M/Ms and
pro-inflammatory marker CD86 was significantly reduced (12 %) as compared to WT mice (Fig. 5C–F). It was concluded from these
studies that TNF-α increased pro-inflammatory and decreased anti-inflammatory polarization, especially in iron-containing M/Ms in
the injured spinal cord. Following SCI, many M/Ms are already iron-loaded due to phagocytosis of red blood cells that bleed into the
tissue. Using systemic treatment with iron-dextran, we investigated whether further increasing iron load would result in altered TNF-α
expression and poorer prognosis after SCI. For 7 days after injury, mice were injected intraperitoneally with 500 mg/kg body weight of
iron-dextran daily. An increase in iron deposition was observed in the injured spinal cord of iron dextran-treated mice compared with
dextran-treated control mice based on the results of the iron histochemistry (Fig. 5G). Strikingly, 4-fold increased TNF-α expression in
the mice treated with iron-dextran was detected by ELISA in comparison with control (dextran-treated) mice (Fig. 5H). Despite already
high iron levels in red blood cells due to hemorrhage, systemic iron treatment in SCI mice worsened exercise recovery in comparison
with vehicle-treated SCI controls. As a result of BMS analysis, iron-treated mice for 7 days and 28 days had poorer motor recovery than
controls (Fig. 5I).

Fig. 4. Anti-inflammation and anti-ferroptosis effects of TNF-α ablation in SCI mice. (A) Representative images of CD11b+ and Arg-1+ cells on 7th
day post-SCI. Scale bar = 200 μm. (B)Quantification of the expression of CD11b on 7th day post-SCI. (C) Quantification of the expression of Arg-1/
CD11b on 7th day post-SCI. (D–E) Quantification on the expression of GSH and HNE at 7th day post-SCI. (B–E) One-way ANOVA with Bonferroni
post-hoc tests. *, P < 0.05; **, P < 0.01; ***, P < 0.001. (n = 6). Error bars in all figures represent mean ± SD.
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3.6. Effects of zinc treatment on the increasing of intracellular iron and TNF-α expression and in vivo functional outcomes after
SCI

7 days following SCI, functional consequences of iron treatment were observed at the cellular level in the spinal cord, as iron-
treated mice revealed a higher level of production of ROS detected utilizing DHE oxidation as a marker (Fig. 6A and B). Besides,
iron-treated mice revealed a higher level of TUNEL staining (Fig. 6C and D), increased TNF-α expression detected by Immunohisto-
chemistry (IHC) staining (Fig. 6E and F), and more damaged mitochondria (Fig. 6G) in comparison to vehicle-treated SCI controls,
whereas zinc treatment improved these effects. Furthermore, zinc treatment also downregulated the expression of IL-6 and TNF-α
mRNA compared with iron-treated mice (Fig. 6H). These data suggest that zinc restores SCI-induced iron load in acute SCI.

Fig. 5. Increased Intracellular Iron Influences TNF-α Expression and Macrophage Polarization. (A)Representative images of CD11b+, ferritin+ and
TNF + cells on 7th day post-SCI. Scale bar = 200 μm. (B)Quantification of the expression of CD11b/TNF-α in ferritin + or ferritin-cells on 7th day
post-SCI. (C)Representative images of Arg-1+, CD11b+,ferritin + cells on 7th day post-SCI. Scale bar = 200 μm. (D)Quantification of the expression
of Arg-1 in CD11b+/ferritin + cells on 7th day post-SCI. (E)Representative images of CD86+,CD11b+,/ferritin + cells on 7th day post-SCI. Scale bar
= 200 μm. (F)Quantification of the expression of CD86 in CD11b+/ferritin + cells on 7th day post-SCI. (G)Representative images of iron histo-
chemistry on 7th day post-SCI. Scale bar = 200 μm. (H)Quantification of the level of TNF-α on 7th day post-SCI.(I)quantification of BMS in SCI
control and iron treated mice. (B, D, F, H) Student’s unpaired t-test. (I)Two-way repeated-measures ANOVA with Bonferroni post-hoc tests. *, P <

0.05; **, P < 0.01; ***, P < 0.001. (n = 6). Error bars in all figures represent mean ± SD.
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4. Discussion

M/Ms are viewed as the main primary immune cells in CNS diseases, especially SCI [36]. There are numerous pro-inflammatory
cytokines and free radicals released by M/Ms that resulting in secondary damage and aggravate the progression of SCI [37,38].
However, under some specific experimental conditions M/Ms exhibit anti-inflammatory polarization, as a result of activation, and
function to promote regeneration. Therefore, it is imperative that the polarization of M/Ms after injury is regulated andmaintained in a
manner that promotes neuroprotection and tissue repair. According to recent reports, the polarization of M/Ms in the injured spinal
cord results in a variety of M/Ms [39–41], which is largely a consequence of cytokine production in the injury microenvironment. The
results of the present study indicate that M/Ms predominantly exhibited a pro-inflammatory cytotoxic phenotype. In spite of mac-
rophages infiltrating the injured site, most of them were derived from peripheral blood and clearly assumed a pro-inflammatory state
as soon as the injury occurs. The primary pro-inflammatory response has been reported to substantially resulting in injuries to the

Fig. 6. Zinc treatment influence increased intracellular Iron and TNF-α expression and functional outcome in vivo after SCI. (A–B) The repre-
sentative images and quantification of ROS were detected by DHE staining on the 7th day after spinal cord injury. Blue, DAPI. Red, ROS marked by
DHE. Scale bar = 200 μm. (C–D) Representative images and quantification of TUNEL staining on 7th day post-SCI. Scale bar = 200 μm. (E–F)
Representative image and quantification of TNF-α expression via IHC staining on 7th day post-SCI. Scale bar = 200 μm. (G)Representative images of
damaged mitochondria on 7th day post-SCI. Blue arrow, mitochondria. Scale bar = 500 nm. (H)Quantification of expression of IL-6 and TNF-α
mRNA on 7th day post-SCI. (B, D, F, H) One-way ANOVA with Bonferroni post-hoc tests. Error bars in all figures represent mean ± SD. (n = 6); *, P
< 0.05; **, P < 0.01; ***, P < 0.001.
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tissues and functional impairment [42–44]. Moreover, results of the research demonstrated that on day 7 after SCI, microglia switched
to anti-inflammatory polarization. It is noteworthy that the data indicated that on day 7 post-injury, there was a considerable reduction
in the expression of pro-inflammatory cytokines marked as pro-inflammatory status. However, the neurotoxic role of
pro-inflammatoryM/Ms during SCI development is unclear, and in vivo experiments, abolition of M/Ms improved functional recovery.
These studies demonstrate that specific cytokines are able to respond to rapid changes in the microenvironment following acute
trauma. As indicated by these sorted cell results, a mRNA level expression was observed at M/Ms and continued to increase M/Ms in
the acute phase of SCI. There is evidence that TNF-α, a protein that functions as paracrine and autocrine agents, triggers inflammatory
responses in M/Ms. It is interesting to note that, in vivo, TNF-α ablation promoted both upregulation of the anti-inflammatory marker
Arg-1 and downregulation of the M/Ms-specific marker CD11b and the pro-inflammatory marker iNOS. Furthermore, there was a
greater functional recovery for TNF− /− mice after injury compared to WT mice. Some of our experimental results are similar to those
of previous studies, for example, it has been previously shown that TNF-α promotes the shift of microglia to an M1 pro-inflammatory
phenotype and that intracellular iron also promotes the shift of microglia to an M1 pro-inflammatory phenotype [45]. As well, TNF-α
expression is upregulated in CNS disorders such as multiple sclerosis, spinal cord injury and traumatic brain injury, correlates with
poor prognosis and pathologic impairment. It has also been previously shown that ferroptosis, an iron-dependent form of cell death
characterized by iron accumulation, lipid peroxidation, and irreversible plasma membrane disruption, contributes to the exacerbation
of CNS disorders by accelerating neuronal dysfunction and aberrant microglia activation [46]. In this context, disturbances in brain
iron homeostasis and neuronal ferroptosis exacerbate neuroinflammation and lead to abnormal microglia activation. Abnormally
activated microglia release various pro-inflammatory factors that exacerbate iron homeostasis dysregulation and neuroinflammation,
forming a vicious cycle. Our data in the present experiments demonstrated that microglia modulate the pathological manifestations of
spinal cord injury through the inflammation-oxidative stress-ferroptosis axis. The limitation of this experiment is that we have taken a
predominantly spinal cord percussion injury model, and knockdown of TNF-α reduces iron death and decreases neuronal loss caused
by inflammatory storms secondary to injury, but the efficacy is likely to be relatively small for complete transecting spinal cord
injuries.

It has also been found in this study that iron supplementation promoted TNF-α expression in the spinal cord after injury. To
determine the level of intracellular iron, iron staining was used as a surrogate marker. Elevated intracellular iron levels also increased
apoptosis and mitochondrial destruction in injured spinal cord. Interestingly, after zinc treatment, our study revealed that increased
intracellular zinc favored the downregulation of the in vivo expression of TNF-α after SCI and reduced inflammatory expression.

It is thus concluded that TNF-α plays an important role in long-term maintenance of the anti-inflammatory neuroprotective
properties possessed by anti-inflammatory M/Ms in the injured spinal cord, and offers a new strategy for treating spinal cord injury.

5. Conclusions

For the purpose of investigating whether TNF-α plays a role in the potentially pathogenic development of SCI, we used FACS
analysis and showed that pro-inflammatory-related cytokines, especially TNF-α, were consistently increased in progressive SCI. After
ablation of SCI mice with TNF-α, a decrease in pro-inflammatory-related proteins andM/Ms and a significant increase in mitochondrial
metabolism were observed. The ROS analysis and mitochondrial staining indicated that TNF-α represents a neuroinflammatory
signature in the injured spinal cords of WT mice that have been given iron supplementation treatment or not. Furthermore, these data
confirm the tight relationship between TNF-α, iron and zinc in SCI. In summary, our research suggests that knock out of TNF-α pro-
motes recovery of motor function after spinal cord injury in mice by inhibiting ferroptosis and promoting the shift of macrophages to
an anti-inflammatory phenotype, suggests that TNF-α inhibition is a potential strategy for SCI therapy.
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